Groundwater degradation through abstraction, contamination, etc., shows a world-wide 15 increase and has been of growing concern for the past decades. In this light, the stable 16 isotopes of the water molecule (δ 18 O and δ 2 H) from a hard-rock aquifer in the Maheshwaram 17 watershed (Andhra Pradesh, India) were studied. This small watershed (53 km 2 ) underlain by 18 granite, is endorheic and representative of agricultural land use in India, with more than 700 19 bore wells in use. In such a watershed, the effect of overpumping can be severe and the 20 environmental effects of water abstraction and contamination are of vital importance. A 21 detailed and dynamic understanding of groundwater sources and flow paths in this watershed 22 α Corresponding author: p.negrel@brgm.fr; Tel.: +33 2 38 64 39 69, Fax: +33 2 38 64 34 46 2 31 32
thus is a major issue for both researchers and water managers, especially with regards to water 23 quality as well as the delimitation of resources and long-term sustainability. 24 To this end, the input from monsoon-precipitation was monitored over two cycles, as well as 25 measuring spatial and temporal variations in δ 18 O and δ 2 H in the groundwater and in 26 precipitation. Individual recharge from the two monsoon periods was identified, leading to 27 identification of periods during which evaporation affects groundwater quality through a 28 higher concentration of salts and stable isotopes in the return flow. Such evaporation is further 29 affected by land use, rice paddies having the strongest evapotranspiration. 30 1. Introduction 35 Groundwater flow and storage in hard-rock areas are of great interest and importance to 36 researchers and water managers (e.g., De Silva and Weatherhead, 1997; Ballukraya and 37 Sakthivadivel, 2002), from a viewpoint of both water quantity (Gupta and Singh, 1988 ) and 38 quality (Robins and Smedley, 1994) , as well as for delimiting resources and aquifers (e.g., 39 Singhal et al., 1988) . In terms of hydrogeology, hard rocks are heterogeneous and anisotropic, 40 groundwater flow generally being controlled by fissure networks (Maréchal et al., 2004) . 41 Typically, hard-rock aquifers occupy the first tens of metres below ground (Detay et 42 al., 1989) . Their hydrodynamic properties derive primarily from weathering processes (Wyns 43 et al., 1999; Taylor and Howard, 2000; Dewandel et al., 2006) , where hostrock minerals are 44 transformed into mainly clay-rich materials at surface equilibrium (Tardy, 1971 ; Nahon, 45 1991). From the top downward, hard-rock aquifers consist of two main layers: saprolite or 46 regolith-a clay-rich material derived from prolonged in-situ weathering of the hostrock- 47 and a fissured layer characterized by dense sub-horizontal and -vertical fracturing in the first 48 metres, below which fissure density decreases with depth (e.g. Dewandel et al., 2006) . Such 49 fractures either pre-existed or were caused by the swelling of certain minerals (e.g. biotite in 50 granite), resulting in a local volume increase that generates cracks and fracturing. The fresh 51 basement below is only locally permeable, where tectonic joints and fractures are present. 52 In India, as in other rapidly developing countries, groundwater use for domestic, 53 industrial and agricultural activities is growing fast. Groundwater now irrigates 27 million 54 hectares of farmland in India, a larger area than that irrigated by surface water (21 million ha). 55 This change in water use has been extremely rapid since the start of the 'Green Revolution' in 56 the 1970s; the number of bore wells has also increased enormously in the past 40 years, from 57 less than one million in 1960 to over 26 million in 2007. For that reason, groundwater 58 resources are under great stress, especially in hard-rock and (semi)arid areas, due to the 59 abstraction of large quantities of water through pumping for irrigation that undermines the 60 sustainability of water availability and agricultural development. Over the last decade, much 61 of India, and particularly Andhra Pradesh, Karnataka, Maharasthra, Madhya Pradesh and 62 Rajasthan, has suffered from drought, severe drops in groundwater level, and an alarming 63 deterioration of water quality. It is thus imperative that groundwater resources be carefully 64 managed and that institutions in charge of water management be equipped with suitable tools 65 (Dewandel et al., 2007b) . 66 Sustainable use of groundwater is quantitatively related to such factors as the volume 67 of the existing resource, recharge, and associated environmental factors. From a groundwater-68 quality viewpoint, sustainability implies the prevention of deterioration of groundwater 69 quality beyond acceptable and well-defined limits. 70 Stable isotopes of the water molecule have been investigated throughout India, as a 71 support of fluoride-release investigations (Tirumalesh et al., 2007) , as a tool for recharge and (Majumdar et al., 2005) , and for isotopic 74 fingerprinting of paleo-climates in groundwater (Kulkarni et al., 1995; Sukhija et al., 1998) . 75 However, the trend of increasing groundwater exploitation has induced a major use of isotope 76 tracing over the past three decades (Kumar et al., 1982 (Fontes, 1980 , Praamsma et al., 2009 ). 81 The Maheshwaram watershed is representative of watersheds in southern India in 82 terms of geology, overpumping of its hard-rock aquifer (more than 700 classical open-end 83 wells in use), its cropping pattern (rice dominating), and its rural socio-economy mainly based 84 on traditional agriculture (Dewandel et al., 2007a) . Groundwater resources face chronic 85 depletion, reflected in a strongly declining water table induced by a negative groundwater 86 balance . 87 The aim of this work, based on a detailed study of the isotopic composition of 88 groundwater and rainfall in the Maheshwaram watershed , was to 89 investigate the use of stable isotopes of the water molecule for tracing and fingerprinting the 90 processes of groundwater-recharge (e.g. the monsoon input) and water-use in this typical rural 91 Indian watershed experiencing agricultural water-resource overexploitation. As return flow 92 was suspected to be an important process, a major goal of this investigation was to determine 93 its potential impact on groundwater. 
99
The semi-arid climate is controlled by the periodicity of the monsoon (rainy season: 100 June-October). Mean annual precipitation is around 750 mm, more than 90% of which falls 101 during the monsoon season. The mean annual temperature is about 26 °C, but during summer, 102 from March to May, maximum temperatures can reach 45 °C. The ratio of potential 103 evaporation from soil plus transpiration by plants (1800 mm/year) against the total quantity of 104 rainwater, yields an aridity index of 0.42, typical of semi-arid areas . 105 Surface streams are dry most of the year, except for a few days after very heavy rainfall 106 during the monsoon. The area is underlain by Archean granite (Fig. 1 ; Dewandel et al., 2006) . The rock is 108 mainly orthogneissic granite with porphyritic K-feldspar. Intrusive leucocratic granite with a 109 lower biotite content forms small hills and boulder-strewn outcrops. The weathering profile of 110 these granites generally shows a thin layer of red soil (10-40 cm), a 1 to 3 m thick layer of 111 sandy regolith, a 10 to 15 m thick layer of laminated saprolite, fractured granite that occupies 112 the next 15 to 20 m and, farther down, fresh granite. 113 The groundwater budget of the depleted unconfined aquifer in the watershed can be 114 summarized as follows. Horizontal groundwater inflow and outflow of the aquifer are very 115 low compared to other terms (about 1 mm/year) and their difference is close to nil (Maréchal 116 et al., 2006) , baseflow representing groundwater discharge to streams or springs being nil 117 (Kumar and Ahmed, 2003; Maréchal et al., 2006) . Groundwater recharge is mainly direct as 118 no permanent or temporary streams exist and only two tanks can serve as a source of indirect 119 recharge (Dewandel et al., 2007b) . The irrigation-return flow, according to Dewandel et al. 120 (2007a), is variable in the area as a function of land-use (higher in rice paddies than in flower 121 or vegetable plots) and evaporation from the water table is quasi nil Table 3 for all periods and few differences can be observed considering the 95% 255 uncertainty envelopes. Kattan, 2008) . This suggests that the transfer velocity from rainfall towards groundwater 344 storage through soil and the unsaturated zone is sufficiently low, and that post-precipitation 345 evaporation during the passage in soil and the unsaturated zone is an active process, having a 346 greater impact for the second part of the monsoon period than for the first part, as also In order to evaluate the source of salt in groundwater at the watershed scale, chloride 527 concentrations were plotted against the δ 18 O signature of the groundwater (Fig. 6 ). As the 528 bedrock contains no evaporites, chloride concentrations in groundwater do not derive from 529 weathering and must originate from both evaporation of rainwater and human activity 530 (Négrel, 1999; mean weighted value of close to 1.9 mg L -1 during the monsoon, multiplied by the 535 concentration factor F (Négrel, 1999) . This factor F represents the concentration effect of 536 evapotranspiration and is related to the total quantity of rainwater P (in mm) and the Kharif, has an average duration of 137 days when watering is from rainfall and irrigation, the 584 second period between November and April, Rabi, covering 166 days when watering is from 585 irrigation only (Perrin et al., 2006) . We also considered a watering period of one month before 586 planting when the pumped volume is 0.1 the normal aquifer volume (Dewandel et al., 2007a) . 587 The isotopic signature of the aquifer δ 18 O T can be calculated as follows: 
